In order to develop Mo alloys with improved mechanical properties of low-temperature toughness and room-and high-temperature strengths without any plastic working after consolidation, fine-grained, particle-dispersed Mo alloys were fabricated by hot isostatic pressing (HIP) or spark plasma sintering (SPS) of mechanically alloyed powders of Mo and 0.8 mol% ZrC or TaC (designated as ZRC08 and TAC08). The fabricated Mo alloys were subjected to high-temperature annealing for 3.6 ks up to 2470 K, three-point impact bending tests at temperatures from 270 to 470 K at 5 m s À1 and static tensile tests at temperatures from 300 to 1970 K at initial strain rates from 4:2 Â 10 À5 to 8:3 Â 10 À2 s À1 . The fabricated alloys exhibited no significant grain growth even after annealing at 2470 K for 3.6 ks due to the pinning effect of the particles against grain boundary migration. The ductile-to-brittle transition temperatures (DBTT) assessed by impact bending were lower and the tensile strengths up to 1770 K were higher for the fabricated alloys than for recrystallized pure Mo. In particular, HIPed TAC08 was superior in lowtemperature toughness having the DBTT lower by 30-40 K than recrystallized Mo-La 2 O 3 (TEM) with an elongated coarse-grained microstructure. HIP-or SPS-treated ZRC08 was superior in room-and high-temperature strengths, respectively. Furthermore, HIPed ZRC08 showed a large elongation of 551% at 1770 K. These excellent mechanical properties of the fabricated Mo alloys were obtained for the first time in the as-consolidated state without subsequent plastic working, and are attributable to fine-grained microstructure and grain-boundary strengthening by the fine particles.
Introduction
Molybdenum (Mo) has many favorable properties for high-temperature structural applications because of its high melting point (2890 K), low thermal expansion coefficient, high thermal conductivity and excellent compatibility with liquid metals as well as a high degree of fabricability by metallurgical processing. However, coarse-grained Mo, which is obtained upon completion of recrystallization, shows poor toughness (ductility and strength) at low temperatures and poor strength at high temperatures. Since these poor mechanical properties limit the temperature range and area used as a structural material, significant improvement of low-temperature toughness and high-temperature strength is needed.
Applications of some processing methods to Mo have been attempted to improve the mechanical properties. Doping with a small amount of Al, K, Si 1, 2) or rare-earth oxides [3] [4] [5] resulted in development of high-ductility and highly creep-resistant Mo alloys. The origin of the improved mechanical properties in the doped-Mo alloys was related to an elongated coarsegrained microstructure induced by the additives. Recently, Kurishita and coworkers [6] [7] [8] developed a high-toughness Mo alloy with fine grains and finely dispersed TiC particles by mechanical alloying (MA) and hot isostatic pressing (HIP) processes, followed by hot forging and hot and warm rolling. They noted that the high toughness of the alloy may be due mainly to grain-boundary strengthening by fine carbide particles having semicoherency with the adjacent Mo matrix and the particles have the beneficial effects of increasing the recrystallization temperature and hindering grain growth. In both cases, however, a large amount of plastic working has been required. Such a process limits the products available to thin sheets or thin wires in shape, which are inapplicable as structural materials. It is therefore needed to fabricate Mo alloys with improved mechanical properties, without any working after consolidation.
More recently, some of the authors 9, 10) have reported that the low-temperature fracture strength was increased and the ductile-to-brittle transition temperature (DBTT) was decreased by dispersion of transition metal carbides such as TaC or ZrC in Mo alloys fabricated by MA and HIP or spark plasma sintering (SPS). It should be noted that the observed high toughness was attained for the Mo alloys fabricated by consolidating without any plastic working. The high toughness is most likely due to grain-boundary strengthening by the fine carbide particles and to decrease in the effective size of weak grain boundaries acting as a crack initiator by grain refinement 6, 7, 11) On the other hand, Mo was reported to exhibit a strong grain size dependence of yield stress. 12, 13) Since dispersed carbide particles can suppress grain growth at high temperatures and maintain fine-grained microstructures of the Mo alloys, grain-size strengthening may occur to a certain extent even at relatively high temperatures, say, up to around 0.5 T m , where T m is the melting point of pure Mo. In addition, it is well known that superplastic behavior occurs at high temperatures of 0.5 T m and above for fine grained materi- 14) Therefore, the fabricated Mo alloys are expected to exhibit high toughness at low temperatures, high strength up to relatively high temperatures of 0.5 T m and superplastic behavior at high temperatures of 0.5 T m and above.
In this study, sintered Mo alloys having fine grains and fine, dispersed particles of ZrC or TaC are fabricated by HIP or SPS with MA powder. The three-point impact bending and static tensile properties of the fabricated Mo alloys are presented.
Experimental Procedures
Mo alloys with 0.8 mol% ZrC or TaC addition, designated as ZRC08 and TAC08, respectively, were fabricated by MA and HIP or SPS. Powders of pure Mo (average particle size 4.1 mm), ZrC (2.0 mm) and TaC (1.1 mm) were mixed to obtain the target compositions in an argon atmosphere. These mixed powders were subjected to MA without any solvents or additives for 108 ks in a planetary type ball mill with pots and balls made of cemented carbide (WC-Co). The weight ratio of balls to powder was 6.5, and the disk rotation speed was 230 rpm with an imposed energy of 5G. For the MA powders, HIP was conducted at 1570 K and 147 MPa for 10.8 ks in argon while SPS was conducted at 2070 K and 74 MPa for 0.3 ks under reduced pressure (10 Pa). The designation, mixed and analyzed compositions of the Mo alloys and the relative densities after consolidation are listed in Table 1 . In the table, (M/H) corresponds to HIP with MA powders and (M/S) to SPS with MA powders. For comparison, three materials were prepared by powder metallurgy processing: pure Mo fabricated by MA and HIP, a pure Mo sheet recrystallized at 2070 K, and a Mo-La 2 O 3 sheet recrystallized at 2370 K, which are designated as Mo(M/ H), Mo(R) and TEM (trade name), 15) respectively. It should be noted that the carbide added Mo alloys have high densities very close to the theoretical value, although they were fabricated without any plastic working such as forging and rolling and have an oxygen content of about 0.1 mass%.
These Mo alloys were machined to the dimensions of 5 mm Â 5 mm Â 1 mm and disks with 3 mm diameter and 0.1 mm thickness, which were annealed in a vacuum of 2:7 Â 10 À4 Pa at 1870 to 2470 K for 3.6 ks to examine the thermal stability of the microstructures and to control the grain size in the specimens. The microstructures were observed by transmission electron microscopy (JEM 2000FXII, operating at 200 kV) and scanning electron and optical microscopy.
The low-temperature toughness, room-and high-temperature strengths and superplastic behavior of the Mo alloys assintered and annealed at 2070 K for 3.6 ks were assessed by three-point impact bending and static tensile tests. The impact bending test was carried out at 270 to 470 K at 5 m s
À1
with bend bar specimens of 1 mm wide, 20 mm long and 1 mm thick (supporting span length 12.5 mm). For the test a specially designed, electrically controlled hydraulic impact testing machine 16) was used. The tensile test was conducted at 300 K at an initial strain rate of 6:7 Â 10 À4 s À1 and at 1170 to 1970 K (¼ 0:40 $ 0:68 T m ) at initial strain rates of 4:2 Â 10 À5 to 8:3 Â 10 À2 s À1 in an argon atmosphere. Two types of tensile specimens were used. One has the gauge section of 4 mm wide, 25 mm long and 1 mm thick for examinations of room-and high-temperature strengths. The other has the gauge section of 3 mm wide, 8 mm long and 2 mm thick for examinations of superplastic behavior. For both ZRC08 and TAC08, M/H specimens show smaller grain size than M/S specimens. As the final grain size is determined by the pinning effects of dispersed particles formed during HIP or SPS, the observed difference in grain size between M/H and M/S specimens is attributable to the difference in number density of the particles. In fact, it was confirmed that the number density of the particles in M/H specimens was higher than that in M/S specimens. Regarding the particle size, M/H specimens tended to have the particles with smaller size than M/S specimens, as seen from Fig. 1(b) and (d). TEM exhibits an elongated, coarse-grained microstructure. sintered condition as well as for Mo(R). No significant grain growth occurs even after annealing at 2470 K for 3.6 ks for ZRC08 and TAC08. 18) In particular, ZRC08 exhibits excellent microstructural stability. M/H and M/S specimens of both ZRC08 and TAC08 exhibit similar grain growth behavior. Figure 4 shows the test temperature dependence of total absorbed energy for ZRC08(M/H), ZRC08(M/S), TAC08(M/H) and TAC08(M/S) in the as-sintered and annealed conditions as well as for Mo(R) and TEM. The absorbed energy was estimated as the area of load-displacement records. It is obvious that all of the alloys provide a clear ductile to brittle transition. The DBTT, which is defined here as the temperature where the absorbed energy is one half 50µm 50µm 50nm 100nm 100nm 50µm 50µm of the energy in the upper shelf region in Fig. 4 , largely varies depending on the material. In the as-sintered condition, TAC08(M/H) exhibits excellent low-temperature impact toughness, i.e., lower DBTT by 30 K and higher upper shelf energy (USE) by about twice than TEM with an elongated coarse-grained microstructure, although TAC08(M/S) and ZRC08(M/S) have slightly lower DBTT and higher USE than Mo(R) and appreciably higher DBTT and higher USE than TEM.
Low-temperature toughness
A TaC addition provides a more beneficial effect of decreasing the DBTT than a ZrC addition. On the other hand, the annealing at 2070 K for 3.6 ks did not cause any significant change in the DBTT of TAC08(M/H), while significantly decreasing the DBTTs of TAC08(M/S) and ZRC08(M/S) by approximately 90 K and 40 K, respectively. As a result, the difference in DBTT of TAC08 between M/H and M/S specimens becomes small although the DBTT of M/H specimens is still lower than that of M/S specimens.
As described in the experimental procedure, M/H specimens were sintered by HIP for 10.8 ks at 1570 K (0.54 T m ), while M/S specimens were sintered by SPS for 0.3 ks at 2070 K (0.72 T m ). It can be then inferred that the observed remarkable decrease in DBTT for M/S specimens of TAC08 and ZRC08 is due to the precipitation of the dispersoids during annealing for 3.6 ks at 2070 K since the sintering time of 0.3 ks in SPS may be too short to obtain sufficient precipitation. After all, a noted result in Fig. 4 is that in the annealed condition the carbide added Mo alloys have much lower DBTT than Mo(R), and TAC08, for both of M/H and M/S specimens, shows lower DBTT than TEM.
As shown above, the test temperature dependence of absorbed energy, in other words the low-temperature impact toughness, was significantly influenced by the kind of carbide added (TAC08, ZRC08), fabrication process (M/H, M/S) and post-sintering annealing. The low-temperature toughness has been known to depend strongly on the density (porosity) and grain size of materials. 6, 7, 11) In general, as the density increases and the grain size decreases, the toughness can be improved. However, correlation between the low temperature toughness and microstructural parameters (relative density or grain size) of the Mo alloys is not clear (Table 1, Figs. 3 and 4) , and any confirmed and consistent interpretation on this has not been able to be provided: TAC08(M/H) has the lowest DBTT, but its relative density (99.4%) is the lowest. ZRC08(M/H) has the highest DBTT, but its relative density (99.7%) is higher than that of TAC08(M/H) and its grain size is the smallest (0.3 mm). Kurishita and Yoshinaga 11) reported that an addition of 1 mol% TiC to Mo has the beneficial effect of improving the low-temperature toughness by strengthening weak grain boundaries. Although the effects of TaC and ZrC additions on the strengthening of weak grain boundaries in the Mo alloys are not well understood, it is speculated that the large difference in low-temperature toughness observed in this study may stem from alterations in the characteristics of weak boundaries caused by the dispersoids or precipitates.
Room-temperature strength
Yield strength, ultimate tensile strength and elongation to failure at 300 K for ZRC08(M/H) Ã , ZRC08(M/S), TAC08(M/S) and Mo(R) with different grain sizes are shown in Table 2 . For both M/H and M/S specimens of assintered ZRC08, the tensile strength was 1.8 times higher than that of Mo(R), however, no plastic deformation was observed. Both M/H and M/S specimens of annealed ZRC08 were superior in room-temperature strength; their yield and tensile strengths were 3 and 2.3 times higher than that of Mo(R), respectively. 19) Yield and tensile strengths of assintered and annealed TAC08(M/S) were about 1.5 times higher than that of Mo(R).
Mo exhibits a strong grain size dependence of yield stress because of a high elastic modulus. 12, 13) As shown in Fig. 1 , the microstructures of ZRC08 and TAC08 feature fine grains and finely dispersed particles. The achieved high strength of the Mo alloys mainly stems from grain refinement, and an additional strengthening mechanism may be the dislocationparticle interaction by the Orowan process. Microstructural control, namely grain size reduction of the Mo matrix that was associated with the grain boundary pinning by the particles, resulted in the improvement of the strength of the Mo alloys. 12, 13) 3.4 High-temperature strength Figure 5 shows the ultimate tensile strength and elongation to failure for ZRC08(M/H) Ã , ZRC08(M/S), TAC08(M/S), Mo(R) and TEM as a function of test temperature (1170 to 1970 K; 0:40 $ 0:68 T m ,). It should be noted that ZRC08 and TAC08 maintain high levels of strength up to about 1800 K. Their tensile strengths are 3 to 5 times higher below 1470 K (= 0.51 T m ) and 1.5 to 2 times higher at 1770 K (= 0.61 T m ), than those of Mo(R) and TEM. However, at 1970 K (= 0.68 T m ), ZRC08 and TAC08 show slightly lower tensile strength than Mo(R) and TEM, probably due to the occurrence of grain boundary sliding. 13, 18) In this way, the tensile strengths of ZRC08 and TAC08 depend strongly on test temperature. Since the temperature dependence of the Orowan stress is considered to be relatively weak, the observed strong temperature dependence of the strength is likely attributed to decrease in the grain-size strengthening effect with increasing temperature due to enhanced diffusion. The elongation of ZRC08(M/S) with grain size of 3.0 mm sharply increased above 1770 K, reaching as large as 180% at 1970 K. Figure 6 shows the tensile tested specimen of ZRC08(M/ 
Superplastic behavior

H)
Ã with grain size of 0.3 mm deformed at 1770 K and at 8:3 Â 10 À4 s À1 . A large elongation of 551% was attained and the specimen was uniformly elongated. In general, superplastic materials, which usually feature a fine-grained microstructure, exhibit a large strain-rate sensitivity over 0.3. The obtained strain-rate sensitivity of ZRC08(M/H) Ã at 1770 K was 0.41 at strain rates below 10 À2 s À1 , as shown in Fig. 7 . The small grain size of the alloy (0.3 mm) gave rise to a large value of strain rate sensitivity, leading to the occurrence of superplastic deformation at a high temperature. 
